We studied the validity and reproducibility of a new abdominal ultrasound protocol for the assessment of intraabdominal adipose tissue. MEASUREMENTS: Intra-abdominal adipose tissue was assessed by CT, MRI, anthropometry and ultrasonography on a single day. By ultrasonography the distance between peritoneum and lumbar spine was measured using a strict protocol, including the location of the measurements, pressure on the transducer and respiration. All measurements were repeated after 3 months. RESULTS: The study population consisted of 19 overweight patients with a body mass index (BMI) of 32.9 kg=m 2 (s.d. 3.7), intra-abdominal adipose tissue on CT 140.1 cm 2 (s.d. 55.9), and a mean ultrasound distance of 9.8 cm (s.d. 2.5). There was a strong association between the CT and ultrasonographic measures: Pearson correlation coefficient was 0.81 (P < 0.001). The correlation between ultrasound and waist circumference was 0.74 (P < 0.001), the correlation between CT and waist circumference was 0.57 (P ¼ 0.01). Ultrasound appeared a good method to diagnose intra-abdominal obesity: the area under the ROC curve was 0.98. During the follow-up period of 3 months, the patients lost on average almost 3 kg of body weight. The correlation coefficient between changes in intra-abdominal adipose tissue assessed by CT and ultrasound was 0.74 (P < 0.001). The correlation coefficient of the mean ultrasound distance assessed by two different sonographers at baseline was 0.94 (P < 0.001), the mean difference 0.4 cm (s.d. 0.9), and the coefficient of variation 5.4%, indicating good reproducibility of the ultrasound measurements. CONCLUSIONS: The results of this validation study show that abdominal ultrasound, using a strict protocol, is a reliable and reproducible method to assess the amount of intra-abdominal adipose tissue and to diagnose intra-abdominal obesity.
Introduction
Obesity is associated with increased morbidity and mortality, independent of dyslipidemia, diabetes and hypertension. 1, 2 Fat distribution, however, is probably more important than overall weight as a cardiovascular risk factor. As first described by Vague in 1956 , an android fat distribution (abdominal obesity or 'apple shaped') is related to an increased risk of cardiovascular disease (CVD). 3 Intra-abdominal adipose tissue has a central role in the cluster of metabolic risk factors (insulin resistance, glucose intolerance=diabetes mellitus, low HDL-cholesterol, increased triglycerides, hypertension, obesity). 4 -7 Currently, the gold standard for the quantitative assessment of intra-abdominal adipose tissue is computed tomography (CT). 8 By magnetic resonance imaging (MRI), accurate estimates are also obtained, but in contrast to CT the definition of adipose tissue depends on the settings of the MRI-scanner. The use of these techniques in research settings is obviously limited because of the necessary equipment, costs and radiation exposure. This is particularly the case in large scale epidemiologic studies. Since the publication of Vague, in clinical and epidemiological studies the most often used estimation of intra-abdominal adipose tissue is the waist circumference, or the ratio of waist and hip circumference (WHR). Although these measures show a good correlation with the CT-measured intra-abdominal adipose tissue, they are less precise and strongly associated with body mass index (BMI). 9 Ultrasonography has been proposed as a suitable technique to accurately measure intra-abdominal adipose tissue in a research setting. 10 Several studies have shown a good correlation between abdominal ultrasound measures and the amount of intra-abdominal adipose tissue on CT, but the use of these ultrasonographic measures has been criticized because of its presumed low reproducibility. 9 -12 Reproducibility studies have so far been performed in a routine hospital setting. Because the characteristics of a research tool may differ from daily clinical practice, we developed an ultrasound protocol for the assessment of intra-abdominal adipose tissue in a research setting. We compared this protocol with both CT (gold standard) and MRI measures of intra-abdominal adipose tissue. Both the validity of the measurement and the accuracy to assess changes in the amount of adipose tissue over time were examined.
Methods

Patients
For the present study patients were selected at the outpatients' clinic of endocrinology who were referred for weight loss. Only patients with moderate overweight were invited (BMI between 25 and 40 kg=m 2 during the last 3 months). Patients with a history of abdominal surgery, pacemaker implantation as well as pregnant women were not invited. All patients provided written informed consent, and the study was approved by the medical ethics committee of Utrecht University Hospital.
Baseline examinations were performed in 21 patients (14 men and seven women, 84% of those invited). One man and one woman did not participate in the follow-up examinations because of intercurrent illness. As a result, the presented results are based on 19 patients. If the two patients who did not participate in the follow-up examinations were included in the cross-sectional analyses, essentially the same results would have been obtained. The baseline measurements were performed on a single day by the same technician on each equipment. After 3 months the follow-up measurements were performed, again on one day by the same technicians, using the same protocols.
Measurements
The amount of abdominal adipose tissue was assessed by anthropometry, ultrasonography, CT and MRI. Height and weight were measured with the participants wearing indoor clothes without shoes. Waist circumference was measured half-way between lower rib and iliac crest; hip circumference was measured at the level of the greater trochanter, both measurements were made in standing position. Sagittal diameter was measured at the level half-way between lower rib and iliac crest while the patient was in a supine position.
Ultrasonography was performed with an ATL HDI 3000 system (Bothell, Washington, USA), using a C 4-2 transducer. The distances between the posterior edge of the abdominal muscles and the lumbar spine or psoas muscles were measured using electronic calipers. For all images the transducer was placed on a straight line drawn between the left and right midpoint of lower rib and iliac crest. Distances were measured from five different angles: medial, left and right lateral, and half-way in between these positions. Measurements were made at the end of a quiet expiration, applying minimal pressure without displacement of the intraabdominal contents as observed by the ultrasound image.
CT was performed with a Philips Tomoscan, 140 kV, 125 mA. A single cross-sectional scan of 10 mm thickness was made at the level of the intervertebral disc L4 -L5. Adipose tissue was defined as the area with Hounsfield units between 7150 and 750. The abdominal surface enclosed by the abdominal and spinal muscles was determined on a Philips EasyVision 1 digital workstation (release 4.2.2.2) using a combination of threshold and region growing methods. The amount of adipose tissue (in square centimeters) within this surface was calculated by the EasyVision software ('CT-surface'). MRI was performed with a 1.5 T scanner (Phillips NT 15, Best, The Netherlands), with a body coil and Inversion Recovery sequence (TR 820 ms, TE 20 ms, IR delay 300 ms). Fifteen transverse slices were obtained of the abdomen with a slice thickness of 10 mm and a gap of 0 mm, centered at the intervertebral disc L4 -L5. The number of measurements was two. Adipose tissue was defined as more than 950 intensity units. On each slice the abdominal surface, as enclosed by the abdominal and spinal muscles, was determined on a Philips EasyVision digital workstation using the same combination of threshold and region growing methods as used for the CT images. The adipose tissue area within these surfaces was calculated by the EasyVision software, converted to cubic centimeters and the sum was used in the analyses ('MRI-volume').
Statistical analysis
Pearson's correlation coefficients were calculated for the associations between the different measures of intra-abdominal adipose tissue. Absolute differences between baseline and follow-up examination of each measurement were calculated. Pearson's correlation coefficients were calculated for the associations between these differences. Because the units of the different measures were not the same, Bland -Altman plots could not be constructed to compare the different measures of intra-abdominal adipose tissue. In addition, these analyses these were constructed with the Z-scores of each measurement. Differences between changes in Z-scores were also analyzed, which resulted in the same associations. If the non-parametric Spearman correlation coefficients were used, the results were also the same. The diagnostic value of the ultrasound and anthropometric measures for the assessment of intra-abdominal obesity was analyzed by calculating Measurement of intra-abdominal adipose tissue by ultrasound RP Stolk et al the area under the receiver operator characteristics (ROC) curve. Bland -Altman plots were constructed to investigate the reproducibility of the ultrasound measurements. All analyses were performed with SPSS 9.01.
Results
The baseline characteristics of the study population are given in Table 1 . The ultrasonographic distances were strongly associated with the surface measure of intra-abdominal adipose tissue by CT ( Table 2 ). The results were the same for both sonographers, as well as for the measurements at the follow-up examination. When the MRI-volume was used instead of the CT-surface the same associations were found (Table 2) , which was also true for the surface on a single MRIslice at the level of L4 -L5 (data not shown). Partial correlation coefficients, adjusted for age and gender, did not differ from the simple correlation coefficients. The ultrasound images for the lateral measurements were more difficult to obtain and more difficult to standardize. Therefore, the mean of the three frontal distances was selected as the best ultrasonographic measurement of intra-abdominal adipose Measurement of intra-abdominal adipose tissue by ultrasound RP Stolk et al tissue. Figure 1 shows that the association with CT-surface was constant over the amount of adipose tissue and did not differ between men and women. The Bland -Altman plot with the difference between Z-scores of the mean ultrasound distance and CT-surface on the y-axis and the CT-surface on the x-axis revealed no relation with increasing amount of intra-abdominal adipose tissue (data not shown).
The correlation coefficients between CT-surface and waist circumference, WHR and sagittal diameter were 0.57 (P ¼ 0.01), 0.60 (P < 0.01) and 0.40 (P < 0.10), respectively, and with the MRI-volume 0.49 (P ¼ 0.03), 0.67 (P < 0.01), and 0.34 (P ¼ 0.16). The same associations with the ultrasound measurement were 0.74 (P < 0.001), 0.83 (P < 0.001) and 0.58 (P < 0.01). Weight and BMI were not associated with any measure of intra-abdominal adipose tissue. Adjustment for age and gender did not change the results.
Intra-abdominal obesity was defined as the upper quintile of the CT-surface. The mean ultrasound distance appeared a reliable method to diagnose intra-abdominal obesity: the area under the ROC curve was 0.98 ( Figure 2 ). The areas under ROC curves for waist circumference, WHR and sagittal diameter were 0.83, 0.82 and 0.80, respectively.
During the follow-up period of 3 months, the patients lost on average almost 3 kg of body weight. The changes of the intra-abdominal adipose tissue measurements are given in Table 3 . There was a high correlation of the changes in intraabdominal adipose tissue assessed by CT-surface and MRIvolume with the ultrasound measures: correlation coefficients were 0.74 (P < 0.001) and 0.62 (P < 0.005), respectively. Partial correlation coefficients, adjusted for age and gender, did not differ from these coefficients. Figure 3 shows that the association was independent of the amount of change in intra-abdominal adipose tissue. In addition we analyzed if the correlation between changes was related to the amount of intra-abdominal adipose tissue at baseline. Measurement of intra-abdominal adipose tissue by ultrasound RP Stolk et al 
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For these analyses the correlation between changes was expressed as the difference of changes in Z-scores of each measurement. This difference was not related to CT-surface, MRI-volume, weight, BMI, waist circumference or WHR at baseline (P > 0.5). The correlation coefficient of the mean ultrasound distance assessed by two different sonographers at baseline was 0.94 (P < 0.001), the mean difference 0.4 cm (s.d. 0.9), and the coefficient of variation 5.4%. These results indicate a good reproducibility of the ultrasound measurements. The Bland -Altman plot presented in Figure 4 , however, indicates a small systematic deviation between the two sonographers. The difference increased 0.09 cm per 10 cm 2 on CT-surface (P ¼ 0.01). At the follow-up examination the reproducibility was increased, and the systematic deviation less pronounced: the correlation coefficient was 0.97 (P < 0.001), the difference 0.3 cm (s.d. 0.6), the coefficient of variation 4.3%, and the increase 0.03 cm (P ¼ 0.19). Adjustment for age and gender did not change the results.
Discussion
The results of this validation study show that abdominal ultrasound, using a strict protocol, is a reliable and reproducible method to assess the amount of intra-abdominal adipose tissue compared to both CT (gold standard) as well as MRI.
The assessment of intra-abdominal adipose tissue by ultrasonography was first published by Armellini et al. In their studies the correlation coefficients between ultrasound and CT were 0.68 to 0.74. 10, 13, 14 Another Italian group reported a correlation coefficient of 0.91 by a specially trained technician, which resembles our results. 12 Interobserver variation coefficients in these studies ranged from to 4.5 to 7.9%. In an American study, using the same protocol, a poor reproducibility was found (mean difference 0.8 cm). 11 This has resulted in recommendations not to use ultrasound for the assessment of the amount of intra-abdominal adipose tissue. 15 However, none of these studies used a strict protocol for the location of the transducer, amount of pressure and timing of the measurement related to respiration. This 'research approach' is in contrast with the 'clinical approach', which aims to get an optimal image to visualize a pathological process.
The reproducibility of the measurements using our protocol is good, but there is a small systematic difference between technicians. This reflects the universal finding in techniques involving a large technician involvement. When such a measurement is used in follow-up studies, the repeated measurements in one patient should always be performed by the same technician.
In conclusion, abdominal ultrasound using a strict protocol is a reliable and reproducible method to assess the amount of intra-abdominal adipose tissue and it can be used to diagnose intra-abdominal obesity.
